Patients with Huntington's disease (HD) exhibit movement disorders, psychiatric disturbance and cognitive impairments as the disease progresses. Abnormal sleep/wake cycles are common among HD patients with reports of delayed sleep onset, fatigue during the day, and a delayed pattern of melatonin secretion all of which suggest circadian dysfunction. Mouse models of HD confirm disrupted circadian rhythms with pathophysiology found in the central circadian clock (suprachiasmatic nucleus). Importantly, circadian dysfunction manifests early in disease, even before the classic motor symptoms, in both patients and mouse models. Therefore, we hypothesize that the circadian dysfunction may interact with the disease pathology and exacerbate the HD symptoms. If correct, early intervention may benefit patients and delay disease progression. One test of this hypothesis is to determine whether light therapy designed to strengthen this intrinsic timing system can delay the disease progression in mouse models. Therefore, we determined the impact of blue wavelength-enriched light on two HD models: the BACHD and Q175 mice. Both models received 6 h of blue-light at the beginning of their daily light cycle for 3 months. After treatment, both genotypes showed improvements in their locomotor activity rhythm without significant change to their sleep behavior. Critically, treated mice of both lines exhibited improved motor performance compared to untreated controls. Focusing on the Q175 genotype, we sought to determine whether the treatment altered signaling pathways in brain regions known to be impacted by HD using NanoString gene expression assays. We found that the expression of several HD relevant markers was altered in the striatum and cortex of the treated mice. Our study demonstrates that strengthening the circadian system can delay the progression of HD in pre-clinical models. This work suggests that lighting conditions should be considered when managing treatment of HD and other neurodegenerative disorders.
Introduction
Huntington's disease (HD) patients suffer from progressive neurodegeneration that inflicts cognitive, psychiatric, cardiovascular and motor dysfunction (Margolis and Ross 2003; Bourne et al., 2006; Grimbergen et al., 2008; Fisher et al., 2014) . HD is caused by a CAG repeat expansion within the first exon of the Huntingtin (Htt) gene and when translated, produces a polyglutamine repeat that leads to protein misfolding, soluble aggregates, and inclusion bodies detected throughout the body (Saft et al., 2005; Ciammola et al., 2006) . The mutated HTT protein leads to dysfunction of a large range of cellular processes, including cytoskeletal organization, protein folding, metabolism and transcriptional activities. HD symptoms start at a range of ages, with an average onset at 40 years of age. Generally, the longer the CAG repeat, the earlier the age of onset and the greater the severity of the symptoms (Duyao et al., 1993; Langbehn et al., 2010) . Still, even among patients with the same CAG repeat length, there is considerable range in the onset of symptoms (around a decade) and their severity (Wexler et al., 2004; Gusella et al., 2014) . This variability raises the possibility of environmental modifiers to the disease and suggests that optimal disease management can increase the health span of the patients. This possibility is important to pursue as there are no known cures for HD.
Sleep disorders are extremely common in HD and have detrimental effects on daily functioning and the quality of life of patients and their caregivers (Cuturic et al., 2009; Aziz et al., 2010; Goodman et al., 2011) . Disruptions in the timing of sleep are common and often become apparent years before the onset of motor symptoms. Mouse models of HD also exhibit a progressive and rapid breakdown of the circadian rest/activity cycle that mimics the condition observed in human patients typified by loss of consolidated sleep, increased wakeful activity during the sleep phase, and more sleep during the active/awake phase (Morton et al., 2005; Kudo et al., 2011; Loh et al., 2013) . Disorganized circadian timing causes a number of undesirable effects throughout the body altering the function of key organ systems including the heart, pancreas, liver and lungs as well as the brain. This body of work supports the hypothesis that circadian dysfunctions might interact with HD disease pathology and exacerbate the symptoms. If this hypothesis is correct, we would expect to modify the HD disease progression by employing treatments that improve the sleep/wake cycle.
Light is a powerful regulator of our physiology and behavior. Besides visually driven behaviors, there are also a number of nonvisual light responses including those involved in the regulation of circadian behaviors (Duffy and Wright 2005; Roenneberg et al., 2013) . The importance of the intrinsically photoreceptive retinal ganglion cells (ipRGCs) that make use of melanopsin as a photopigment has become clear (Rollag et al., 2003; Schmidt et al., 2011) . These ipRGCs underlie circadian light detection as well as the impact of light on mood and perhaps cognition (LeGates et al., 2014) . Melanopsin phototransduction is maximally sensitive to blue wavelength light (Panda et al., 2005) . However, ipRGCs can also respond to rod-and cone-driven signals (Dacey et al., 2005) . The ipRGCs integrate this light information (Lucas et al., 2012) and send a direct projection to the central circadian clock (suprachiasmatic nucleus, SCN) where this signal has a profound impact on electrical activity and gene expression (Colwell 2011) . Clinically, timed exposure to bright white light has previously been applied to treat the sleep/wake disturbances in aging and neurodegenerative disease with somewhat mixed results (Willis and Turner 2007; Riemersma-van der Lek et al., 2008; McCurry et al., 2011; Zhou et al., 2012) . More recent work has turned to utilizing blue light of lower intensity to improve the sleep/wake cycle in human subjects (Royer et al., 2012; Gabel et al., 2013; Figueiro et al., 2014; Sloane et al., 2015) . Unfortunately, there has been little work applying blue lighttherapy to pre-clinical disease models to optimize treatments or explore underlying mechanisms.
We previously established an age-dependent progression of circadian and motor symptoms for two mouse modes of HD: BACHD and Q175 (Kudo et al., 2011; Loh et al., 2013; Kuljis et al., 2016) . In the present study, we sought to determine whether blue-enhanced lighting conditions can alter this disease trajectory by applying this light treatment for 3 months (mo) starting just prior to the genotypicspecific decline in activity rhythms (BACHD, 3 mo; Heterozygote Q175, 6 mo). For nocturnal animals, light initiates sleep through a melanopsin-dependent mechanism (Lupi et al., 2008) . In order to suppress undesired day-time activity and reinforce photic cues to the circadian timing system of the HD mutants, we applied blue-enriched light treatment during the first 6 h (h) of the light cycle. After the treatment, we assessed the impact of blue-enriched lighting on HD-related decline by comparing locomotor activity, sleep behavior, and motor performance with their age-matched controls. At the end of the study, we collected cortex and striatum tissue samples from the Q175 line for analysis of the expression of 100 previously identified HD transcriptional markers (Langfelder et al., 2016) .
Material and methods
All experimental protocols used in this study were approved by the University of California, Los Angeles (UCLA) Animal Research Committee (ARC 2009-022) . Every effort was made to minimize pain and discomfort. Experiments followed the UCLA Division of Laboratory Animal Medicine recommendations for animal use and welfare, as well as National Institutes of Health guidelines.
Animals
All mice used in this study were males on the C57BL6/J background. BACHD mice that we employed for this study express a transgenic copy of the full length human mutant huntingtin gene encoding 97 glutamine repeats under the control of endogenous regulatory machinery (Gray et al., 2008) . The Q175 mice arose from a spontaneous expansion of the CAG repeat in the CAG140 transgenic knock-in line (Menalled et al., 2012) . The Q175 mice have previously been shown to have around 175 CAG repeats and we used mice heterozygous (Het) for the Q175 allele. Mutant mice were obtained from the Jackson Laboratory (Bar Harbor, Maine) from a colony managed by the CHDI Foundation. To confirm previous findings of daily rhythm and motor performance decline in both HD models, we also examined WT mice at 3, 6, and 9 mo of age (Supplemental Table 1 ).
Housing conditions
The animals were singly housed within light-tight chambers with independently controlled lighting conditions: 12 h of light followed by 12 h of dark (12:12 LD). The chambers were in the same animal housing facility with controlled temperature and humidity, and each chamber held 8 cages of mice, grouped together by lighting treatment. All animals received cotton nestlets, and rodent chow and water were made available ad libitum. Animals were assessed for cage activity, sleep behavior, and motor performance under these baseline conditions prior to beginning treatments. After baseline measurements were collected, the animals were housed under one of two different lighting conditions for 3 months: the control group was maintained under 12:12 LD using white light, while the blue-enriched light-treated group was also maintained under the 12:12 LD and received additional exposure to blue light during the first half of the light phase (Zeitgeber time, ZT 0-6, where ZT 0 refers to the start of the light cycle). We have previously shown that the BACHD line exhibits abnormally high activity during the beginning of the light period (Kudo et al., 2011) . Both control and blue-enriched light chambers were lit from the top of the cabinet using white fluorescent lamps providing approximately 350 lx of full spectrum light. The blue LED lamps (peak at 470 nm wavelength) were vertically positioned on the top of each single cage at the same height as the white lamps providing an additional 150 lx. These readings were obtained when wheel running cages were present. The spectral irradiance was measured using a spectrophotometer (International Light Technologies, Peabody, Massachusetts; Supplemental Fig. 1 ) while photopic illuminance (lux) intensity was measured by using a light meter (BK precision, Yorba Linda, CA). These measurements were made without the cages in the chamber and thus represent the maximum irradiance to which the mice could have been exposed.
All motor tests were performed in the middle of the night, during ZT 18-22, under dim red light (3 lx). The behavioral tests were performed before the start of treatment to ensure that there were no differences between the untreated mutants and then again after 3 mo of treatment. These final tests were performed while the animals were still under blue-enriched lighting conditions.
Cage activity
Locomotor activity was recorded using infrared sensors and analyzed using the El Temps (A. Diez-Nogura, Barcelona, Spain; http://www.el-temps.com/principal.html) and ClockLab programs (Actimetrics, Wilmette, IL). Activity levels with the infrared sensors are reported as arbitratry units (a.u.). Animals were entrained for 2 weeks before data collection. Cage activity was recorded in 3 min bins, and 10 days of data were averaged for analysis. We used the 10 days of activity data collected just prior to the motor performance tests performed during baseline conditions and during the final 2 weeks of treatment. The data were analyzed to determine the period and rhythmic strength as previously described (Kudo et al., 2011; Loh et al., 2013) . The periodogram analysis used a χ 2 test with a threshold of 0.001 significance, from which the amplitude of the periodicities was determined at the circadian harmonic to obtain the rhythm power. The amount of cage activity over a 24 h period was averaged over 10 days and reported here as cage activity/hr. Fragmentation was determined using Clocklab and defined by bouts/day, where each bout was counted when activity was separated by a gap of 21 min or more (max gap setting of 21 min) (Loh et al., 2013; Kudo et al., 2013) .
Video measurement of immobility-defined sleep
Mice were habituated to see-through plastic cages containing bedding, but without the addition of nesting material, for a minimum of 3 days prior to video recording of behavior. A side-on view of each cage was obtained, with minimal occlusion by the food bin or water bottle, both of which were top-mounted. Cages were side-lit using infra-red LED lights. Video capture was accomplished using surveillance cameras with visible light filters (Gadspot Inc., City of Industry, CA) connected to the video-capture card (Adlink Technology Inc., Irvine, CA) on a Dell Optiplex computer system. ANY-maze software (Stoelting Co., Wood Dale, IL) was used to track the animals as described by Fisher and colleagues (2012) , who found 99% correlation between immobility-defined and EEG-defined sleep using an immobility detection threshold set to 95% of the area of the animal immobile for 40 s. Immobility-defined sleep in this study is thus defined as 95% immobility recorded in the tracked animal for a minimum of 40 s. Continuous recording and tracking of the mice was performed for a minimum of 3 days, with randomized visits (1/day) by the experimenter to confirm mouse health and video recording. We used data collected from days 2 and 3 for further analysis. Immobility-defined sleep data were exported in 1 min bins, and total sleep was determined by summing the duration of sleep in the rest phase (ZT 0-12) or active phase ). An average waveform of hourly sleep from both days was produced per genotype per age group.
Motor tests
Accelerating rotarod and challenging beam tests were applied to determine the progression of motor dysfunction in HD mouse models. A two-day protocol for the accelerating rotarod tests was used. On the first day, the mice were trained on the rotarod (Ugo Basile, Varese, Italy) over 5 trials. The rotarod started at 5 rpm and accelerated to a maximum of 38 rpm. The maximum length of each trial was 600 s, and mice were allowed to rest for a minimum of 60 s between trials. On the second day, mice were tested on the rotarod and the latency to fall from the rotarod was recorded from 5 trials. Mice were again allowed to rest for a minimum of 60 sec between trials. Data from each mouse were analyzed after averaging the times from all 5 trials.
The challenging beam test used is a modified version of the beam traversal test previously described (Carter et al., 1999; Goldberg et al., 2003) , and used to characterize the motor deficits of BACHD and Q175 mutant mice in previous studies (Loh et al. 2013 , Kuljis et al. 2016 ). The beam narrows in 4 intervals from 33 mm > 24 mm > 18 mm > 6 mm, with each segment spanning 253 mm in length. Apparatus and methods used are similar to those described by Fleming et al. (2013) . The home cage of each mouse was put on the end of the beam as the motivating factor. Animals were trained on the beam for 5 consecutive trials on two consecutive days. During each trial, each mouse was placed on the widest end of the beam and allowed to cross with minimal handling by the experimenter. On the testing day, a metal grid (10×10 mm spacing, formed using 19-gauge wire) was overlaid on the beam. This overlaid grid increases the difficulty of the beam traversal task, and provides a visual indicator of foot slips made while crossing the grid. Each mouse was subjected to 5 consecutive trials, which were recorded by a camcorder under dim red light conditions (3 lx), supplemented with infrared lighting for video recording. The videos were scored post-hoc by two independent observers for the number of missteps (errors) made by each mouse. An error was scored when any foot dipped below the grid. The number of errors was averaged across the 5 trials per mouse to give the final reported values.
Photic masking of wheel running activity
A separate cohort of BACHD mice (3 mo of age, n=9), Q175 mice (6 mo of age, n=3), and age-matched WT mice were housed under a 12:12 LD cycle (300 lx full spectrum light) to determine the effects of light at night on masking of nocturnal activity. Animals were individually housed in cages with running wheels in light-tight chambers with the same housing conditions as the treatment conditions. Their wheelrunning activity was recorded as revolutions (rev) per 3 min interval. The animals were habituated to the wheel-running cages and entrained to the LD cycle before the photic masking treatments. We monitored the wheel running activity to confirm entrainment. After habituation, a minimum of one day of baseline wheel running activity was recorded prior to the first photic manipulation. For the first photic manipulation, the animals were subjected to one hour of blue light (500 lx) at ZT 14 (2 h after lights off, when animals are typically nocturnally active). The number of wheel revolutions during this pulse of white light was compared to the number of wheel revolutions during the equivalent hour on the preceding day (ZT 14 to 15). The number of wheel revolutions during this pulse of blue light was compared to baseline values. In addition to reporting the average wheel running values during the dark and blue light exposures, we also report the percentage decrease in wheel running: [(rev during blue light) -(rev during dark baseline)]/(rev during dark baseline) %. No other behavioral assays were performed on these animals.
Photic induction of cFos
A separate cohort of BACHD (4 mo), Het Q175 (6 mo) and their age-matched WT controls (n=3/genotype) were housed in constant dark (DD) conditions with access to a running wheel. The mice were exposed to white light (50 lx, 10 min) at CT 16 (4 circadian hrs after activity onset). 60 min after the beginning of the light treatment, mice were anesthetized with isoflurane and perfused intracardially with 4% paraformaldehyde (PFA). Brains were dissected out, post-fixed in 4% PFA at 4°C overnight, and cryoprotected in 15% sucrose. Sequential coronal sections (50 μm) containing the SCN were collected. Immunolabelling of frozen sections was performed as previously described (Ghiani et al., 2011) . Briefly, sections were blocked in carrier solution (1% BSA and 0.3% Triton X-100) containing 10% normal goat serum for 1 h and incubated for 24 h at 4°C with primary antibody against cFos (Ab-2 rabbit polyclonal, 1:500, EMD Millipore, Temecula, CA) diluted in carrier solution containing 5% normal donkey serum, followed by a donkey anti-rabbit secondary antibody conjugated to Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA). Immunostained sections were mounted in Vectashield mounting medium with DAPI (49,6-diamidino-2-phenylindole; Vector Laboratories, Burlingame, CA), and visualized on a Zeiss Axio Imager 2 equipped with an AxioCam MRm and the ApoTome imaging system (Zeiss, Thornwood NY). Images were acquired using the Zen software (Zeiss, Thornwood NY), using a 10X objective to visualize both the left and right SCN, which were traced using the Axiovision software (Zeiss, Thornwood NY). Cells immunopositive for cFos were counted with the aid of the cell counter plugin of the NIH Image J software (http:// imagej.nih.gov//ij) by a masked observer in two consecutive sections at the level of the mid-SCN. Values from both the left and right SCN were averaged.
NanoString analysis of gene expression
Four weeks after the final behavioral tests were performed, the Q175 mutants were anesthetized with isoflurane prior to dissection of the cortex and striatum at ZT 15. The brain tissue samples were flash frozen and stored at −80°C prior to nanostring analysis. The NanoString analysis was performed by LabCorp (Seattle, WA) using a custom CodeSet designed to interrogate 100 transcripts previously implicated in transcriptional changes in the striatum and cortex of Q175 mice (Langfelder et al. 2016) . The signal intensity of individual genes was normalized by adjusting to internal positive standards within each sample. Eight housekeeping genes were included in the CodeSet: Gins1, Myh15, Pank2, Poc1b, Pum2, Slc25a15, Ssrp1, Utp3. The expression levels for each probe within a sample were scaled using the geometric mean of the eight housekeeping genes for each sample. Each mouse was an individual sample as tissue did not need to be pooled. The fold change of signal intensity was derived by comparing the normalized means between the control group and blue light-treated group. The Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov/) platform was used to annotate gene function and pathways (Huang et al., 2008; ) of altered gene expression in the cortex.
Statistical methods
To access the impact of blue-enhanced lighting on activity and sleep rhythms as well as motor performance in each model, we employed 2-way ANOVA with age and treatment as factors (Tables 1-3, 5) . To determine the impact of the treatment on errors made in each beam of the challenging beam test, we used a repeated-measures 2-way ANOVA with beam and treatment as factors (Table 3 ). The impact of the treatments on body weight was evaluated with a repeated-measures 2-way ANOVA with age and treatment as factors (Tables 4 and 5 ). The results of the t-tests determining the impact of blue light treatment on the measured parameters is reported (Table 6 ). To determine the impact of masking, we first ran a t-test to determine if the blue light significantly reduced activity then a 2-way ANOVA with treatment and genotype as factors. Finally, a t-test was used to detect the differences in cortical and striatal mRNA expression between Q175 mice housed under control and treated conditions. The cohort of mice housed under normal LD conditions are referred to as the control group, while the mice housed under blue-enriched lighting conditions are referred to as the treated group. SigmaPlot (version 12.5, SYSTAT Software, San Jose, CA) was used to run statistical analyses. Between-group differences were deemed significant if P < 0.05. All values are reported as group mean ± standard error of the mean (SEM).
Results

Locomotor activity rhythms were improved by the blue light treatment
Compared to untreated, age-matched (6 mo) controls, the BACHD mice exposed to blue-enriched lighting conditions exhibited more robust locomotor activity rhythms (Fig. 1A, C) . As BACHD mice aged from 3 to 6 mo, the untreated group housed under the normal 12:12 LD cycle showed decreased locomotor activity rhythm power (P=0.038, Fig. 2A , Table 1 ), similar to previous findings of an age-related decline in this model (Kudo et al. 2011 , Kuljis et al. 2016 . Cage activity in untreated 6 mo BACHD mice also decreased significantly with age (P < 0.001, Fig. 2C ). Fragmentation was increased with age in this untreated BACHD cohort (P=0.04, Fig. 2E ). On the other hand, BACHD mice housed under blue-enriched lighting conditions did not show an age-related decrease in either activity rhythm power, activity amount or fragmentation (Table 5 ). Compared to untreated mutants, the blue-enhanced lighting increased the power of the rhythm (P < 0.002, Table 1 ). These findings demonstrate that blue-enriched lighting significantly improves activity rhythms in the BACHD line.
Blue-enriched lighting also had a robust impact on the amplitude of diurnal rhythms in the Q175 line compared to untreated, age-matched (9 mo) controls (Fig. 1B, D) . Under control LD conditions, Q175 mice exhibited a decrease in rhythm power (P=0.006, Fig. 2B ) as they aged from 6 to 9 mo. However, the treated Q175 mice showed an increase in rhythm power after 3 mo in blue-enriched lighting conditions (P < 0.001, Table 1 , Fig. 2B ). The amount of cage activity was also increased under blue-enriched lighting in Q175 line (P < 0.001, Figs. 1D, 2D ). These increases in rhythm power and activity amount were detected without significant change in fragmentation in the treated cohort (P=0.2, Fig. 1F ). Taken together, these findings demonstrate that blue-enriched lighting significantly improves activity rhythms in Q175 line.
Compared with 6 mo WT (Supplemental Table 1 ), the 6 mo control BACHD mice had significantly reduced rhythm power (P < 0.001) whereas rhythm power in 6 mo blue-enriched light-treated BACHD mice was not significantly different from WT (P=0.4). Amount of activity and fragmentation were not significantly different between agematched WT and either control or treated BACHD mice at 6 mo (P=0.2, P=0.9 respectively). Compared with 9 mo WT (Supplemental Table 1 ), the 9 mo blue-enriched light-treated Q175 mice had significantly increased rhythm power compared to age-matched WT mice (P < 0.001). This increase in rhythm power in the 9 mo treated Q175 line is independent of the amount of cage activity, which remains Table 1 Cage activity rhythms of BACHD (3 mo) and Q175 mutants (6 mo) at baseline (LD) and after 3 mo in control LD (control cohort) or blue-enriched LD (treated cohort). Data was analyzed with a 2-way ANOVA with age and treatment as factors. Values are shown as mean ± SEM. Age-related changes within a cohort are indicated with # (P < 0.05) and age-matched between-cohort differences are indicated with *(P < 0.05).
BACHD (n=8/group) Q175 (n=8/group) #, * Fragmentation (# bouts) Baseline 9.6 ± 0.9 8.3 ± 1.0 9.1 ± 0.7 8.3 ± 0.6 +3 mo 11.8 ± 0.6 10.1 ± 0.7 10.8 ± 0.9 # 9.0 ± 0.6
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reduced compared to age-matched WT mice (P=0.02). The 9 mo control Q175 mice showed more activity fragmentation compared to age-matched WT mice (P=0.02). Blue-enriched lighting reduced this fragmentation in the Q175 mice to levels that were not significantly different from WT (P=0.4). The comparisons of the blue-enriched treatment cohorts to age-matched WT mice suggest that the activity rhythm deficits in HD mice can be treated with blue-light therapy, raising rhythm strength to near-normal levels for their respective ages.
Sleep behavior was largely unaffected by the blue light treatment
Video recording in combination with automated mouse tracking analysis software was used to measure immobility-defined sleep behavior (Loh et al., 2013; Li et al., 2015) . Blue-enriched lighting conditions had minimal impact on sleep behavior of the BACHD line (Fig. 3A, C, E) . No significant changes were detected in the amount of sleep behavior over a 24-hr cycle displayed by control BACHD mice as they aged from 3 to 6 mo (P=0.1). The temporal distribution of sleep was also unaltered (day sleep %, P=0.1), where the amount of daytime (rest phase) sleep and nighttime (active phase) sleep were unchanged as mice aged (P day =0.4 and P night =0.1, respectively). The timing of sleep onset was also unaltered with age (P=0.3), but sleep offset was delayed by 1 h (P=0.001). Housing BACHD mice in blue-enriched lighting did not significantly change most of the sleep parameters that we measured (Fig. 3A , C, E; Table 2 ). While sleep onset was unaltered by age (P=0.19), sleep offset was delayed by 1.4 h (P < 0.001). Overall, the blue-enriched lighting environment did not lead to major changes in sleep amount or timing in the BACHD line.
Similarly, blue-enriched lighting conditions had minimal impact on sleep behavior of the Q175 line (Fig. 3B, D, F) . The total amount of sleep behavior exhibited by control Q175 mice remained unchanged as they aged from 6 to 9 mo. However, the temporal distribution (day sleep %, P=0.4) and day or night amounts of sleep (P day =0.5 and P night =0.1) were not altered in the control Q175. The time of sleep onset and offset were also unchanged by age in control Q175 mice (P on =0.5 and P off =0.08). Again, housing the Q175 mice in blueenriched lighting did not significantly change most of the sleep parameters that we measured (Fig. 3B, D, F ; Table 2 ). Although sleep onset was unchanged (P=0.5), sleep offset was delayed by 1 h (P=0.003). Overall, blue-enriched lighting environment did not lead to major changes in sleep amount or timing in the Q175 line. Table 3 Motor behavior assays in BACHD and Q175 mutants at baseline and after treatment. Values are shown as mean ± SEM. Data was analyzed with a 2-way ANOVA with age and treatment as factors. Age-related changes within a cohort are indicated with # (P < 0.05) and age-matched between-cohort differences are indicated with *(P < 0.05). 
Motor performance was improved by the blue light treatment
One of the defining symptoms of HD is movement disorders, where patients have involuntary movements and difficulties coordinating voluntary movements. We hypothesize that sleep-wake and circadian rhythm disruption may contribute to the severity of disease symptoms and that treating these disruptions may delay disease progression. On that premise, we assessed motor performance in the HD models treated with blue-enriched lighting conditions. We used two tests that have been previously shown to detect motor coordination deficits in BACHD (Gray et al. 2008 , Kuljis et al. 2016 ) and Q175 mice (Menalled et al. 2012 , Loh et al. 2013 : the accelerating rotarod and challenging beam tests.
As previously demonstrated, BACHD mice housed under control LD conditions show an age-related decrease in their latency to fall on the accelerating rotarod test (P < 0.001, Fig. 4A ; Table 3 ). BACHD mice housed under blue-enriched lighting also showed an age-related decrease in rotarod performance (P=0.007). There was no difference in rotarod performance between the BACHD control and treated mice (6 mo, P=0.9). Both the control and treated cohorts of BACHD mice fell off the rotarod significantly earlier than age-matched WT mice (P < 0.001).
In the challenging beam test, control BACHD mice made more errors as they aged from 3 to 6 mo (P < 0.001, Fig. 4C ). In contrast, the 6 mo BACHD mice housed in blue-enriched lighting were not any more errorprone than when they were 3 mo old (P=0.3). In all, the treated BACHD mice made significantly fewer errors than the control BACHD mice (P < 0.001). A closer look reveals that the treated BACHD mice made significantly fewer errors in each beam with the most dramatic differences at the narrowest, and most difficult, beam (Fig. 4E ). Compared to 6 mo WT mice, the control BACHD mice made significantly more errors (P < 0.001) on the challenging beam, and the blue-enriched treatment group was not significantly different from WT (P=0.06). These results demonstrate that the blue-enriched lighting treatment had a mixed impact on motor performance in the BACHD line resulting in improved performance on the challenging beam but not the rotarod test.
As previously demonstrated, Q175 mice housed under control LD conditions did not show a significant change in rotarod performance between 6 and 9 mo of with age (P=0.5). Intriguingly, the Q175 mice under blue enriched lighting treated Q175 mice showed improvements [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] in rotarod performance compared to baseline (P=0.005, Fig. 4B ). The treated Q175 mice even stayed on the rotarod for longer than agematched WT mice (P=0.002; Supplemental Table 1 ). Control Q175 mice showed an age-related decline in challenge beam performance, as they make more errors at 9 mo than 6 mo of age (P=0.01, Fig. 4D ). On the other hand, the blue-light treated Q175 mice made significantly fewer errors while crossing the beam compared to control Q175 mice (P < 0.001, Fig. 4D ). Breaking down the errors made by beam width revealed that the main difference between treated and control Q175 mice (9 mo) were the errors in the narrowest beam (Fig. 4F) . Compared with age-matched WT mice, control Q175 mice made more errors than WT (P < 0.001), while treated Q175 mice performed at similar levels as WT controls (P=0.55). Thus, the blue-enriched lighting improved the performance of the Q175 mutant mice on both the rotarod and challenging beam tests. As rotarod performance could be due to changes in body weight, we tracked the body weights of each group of mice over the duration of the treatment. No significant changes were detected within each group of mice (Table 4 ), suggesting that neither weight loss nor gain played a significant role in these results.
Reduced activity response to light-suppressing effect in BACHD line
The difference in motor performance outcomes between BACHD and Q175 mice might have been due to differences in the effectiveness of the photic response between the two HD models. As seen by the average waveforms of cage activity (Fig. 1C) , the blue light treatment was ineffective in reducing locomotor activity in the beginning of the day in BACHD mice. For example, at ZT 0-1, the untreated BACHD exhibited an average cage activity level of 233 ± 27 a.u. and the addition of blue light had no significant effect on locomotor activity (216 ± 30 a.u.). Therefore, we sought to determine if the BACHD mice exhibited deficits in the blue light to acutely suppress (or mask) locomotor activity in a separate cohort of mice.
In this light-masking experiment, 3 mo BACHD and age-matched WT controls were housed under normal LD conditions to determine a baseline activity rhythm profile per animal. Subsequently, the mice were exposed to blue light (500 lx, 60 min duration) close to the start of the dark phase (ZT 14) , and the amount of activity during this hour of light was compared to the preceding day when the mice were under a normal LD cycle. WT mice (n=6) showed an 82% reduction in activity during the blue light exposure at ZT 14 with all the mice exhibiting reduced activity during treatment (t-test, P < 0.001; Fig. 5A, C) . BACHD mice (n=9) subjected to the same blue light treatment at ZT 14 exhibited a 32% reduction in activity with 2 of the mutant mice exhibiting an increase in activity during the light exposure (t-test, P=0.042; Fig. 5A, C ). An analysis of the data with a two-way ANOVA (treatment and genotype as factors) indicated that the WT mice exhibited significant masking (P < 0.001) while the BACHD did not (P=0.1). As expected, the Q175 mice (6 mo, n=3) displayed normal blue light suppression of activity (Fig. 5B, D) . These light masking experiments revealed that BACHD mice have a decreased behavioral response to light exposure, which could explain the different degree of efficacy of the blue-enriched light treatment. Neurobiology of Sleep and Circadian Rhythms 2 (2017) 39-52 3.5. Expression of multiple HD markers in the cortex and striatum were altered by the blue light treatment
To identify pathways that may be responsible for the effect of blueenriched lighting on HD mutants, we assessed changes in the expression of HD markers in the cortex and striatum. We focused on the Q175 mutants as this line consistently responded better to the blue light treatment. At the end of the study, the same Q175 mice that underwent activity monitoring and behavioral tests were allowed to recover for 4 weeks from manipulations, after which we analyzed mRNA expression in cortex and striatum using NanoString Technology. In each region, we examined the expression levels of 100 Locomotor activity rhythms were improved by the blue-enriched light treatment. Quantification of the locomotor activity rhythms of BACHD (A, C, E) and Q175 (B, D, F) under control LD and blue-enriched LD conditions. Plots represent the first and third quartile (box), group medians (middle line) and data range (whiskers). Gray boxes represent the untreated controls (mice under normal LD) and blue boxes represent mice under blue-enriched lighting. Data were analyzed using a 2-way ANOVA with age and treatment as factors. Significant within-cohort age-related differences are indicated by # (P < 0.05). Significant age-matched between-cohort differences treatments are highlighted with * (P < 0.05). (A, B) The strength of the activity rhythm is indicated by the power (%V) of the χ2 periodogram analysis. (C, D) An hourly average of cage activity over the 10 days is reported. (E, F) The number of bouts of activity per day are reported as the amount of fragmentation of the daily activity cycle.
Neurobiology of Sleep and Circadian Rhythms 2 (2017) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] genes that have been previously identified as being altered in Q175 mutants (Langfelder et al. 2016 ; Supplemental Table 2 ). In the cortex, we found that Q175 mice housed under blue-enriched lighting showed altered expression of 10 of the genes examined compared to the mice housed under control LD (Table 7) . In the striatum, the blue light treatment changed the expression of 4 genes (Table 7) . Interestingly, our protocol influenced the expression of a different set of genes in each region. Functional clustering revealed transcriptional changes in pathways involved in the response to oxidative stress (increased Hmox1, Sod1, Gclc), locomotor behavior (decreased Drd2, Penk), and extracellular signaling (decreased C3, Penk, Tac1). Hence, the blue-enriched light treatment significantly altered the patterns of gene expression in a tissue-specific manner.
Discussion
It is well established that melanopsin expressing ipRGCs mediate the effects of light on the circadian system and that this photopigment is maximally sensitive to blue wavelength light (Rollag et al., 2003; Schmidt et al., 2011) . Therefore, we sought to determine the impact of 6 h of blue-enriched photic entrainment on locomotor activity rhythms of two distinct mouse models of HD (BACHD and Q175 Hets). Blue wavelength light (at~470 nm) has been suggested to be as effective as bright light therapy (Gordijn et al., 2012) . As such, we used a relatively modest light intensity of treatment. In mice, the maximum absorption of melanopsin peaks around 480 nm (Lucas et al., 2001 ). This blueenriched light treatment increased the power of the rhythms in both lines of HD mice (Fig. 1) . It is worth pointing out that it is not the acute effect of blue light that is driving the improved rhythms. This can be
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seen clearly with the average waveforms of the Q175 line (Fig. 2B ) in which the activity is increased during the night several hours after the mice were exposed to light. Recent work has shown that blue light exposure (470 nm, ZT 14) acutely causes arousal and elevates corticosterone through a melanopsin-dependent mechanism (Pilorz et al., 2016) . Although we did not measure corticosterone in this study, this is a plausible mechanism by which blue-enriched lighting causes increased arousal during the active phase of the treated animals. The blue-enriched lighting may not have significantly altered sleep amount in the HD mice, but it did cause a Group averages of the total number of errors made while crossing the challenging beam are plotted. Data were analyzed using a 2-way ANOVA with age and treatment as factors. Significant within-cohort age-related differences are indicated by # (P < 0.05). Significant age-matched between-cohort differences treatments are highlighted with *(P < 0.05). (E, F) Errors made on the individual beams of increasingly narrow widths are shown from 6 mo BACHD mice (E) and 9 mo Q175 mice (F). Beam decrease in width per segment, starting at 33 mm (Beam 1) to 6 mm (Beam 4), and are not drawn to scale. Data were analyzed using a 2-way repeated-measures ANOVA with beam segment and treatment were factors, and the errors were the data.
Neurobiology of Sleep and Circadian Rhythms 2 (2017) 39-52 phase delay in the onset of wake (Fig. 3) . These findings suggest that the timing of blue light application will be critical to avoid unwanted phase shifts. The hallmark symptoms of HD are motor deficits and both the BACHD (Gray et al., 2008; Kudo et al., 2011; Kuljis et al., 2016) and Q175 (Menalled et al., 2012; Loh et al., 2013) lines exhibit a motor phenotype that progressively worsens with age. Prior work using the R6/2 model of HD has shown that bright white light (10,000 lx) with restricted wheel access improved the strength of locomotor activity as well as reduced inappropriate daytime activity (Cuesta et al., 2014) . Under blue-enriched light housing, both the BACHD and Q175 lines demonstrated at least one measure of improved motor performance, making fewer errors while crossing the challenging beam test (Fig. 4) . In contrast, there was a divergence in the performance on the rotarod test, where the Q175 Hets showed markedly improved performance, whereas the BACHD mice continued to show age-related decline in latency to fall on the rotarod. This test is particularly sensitive to body weight (Kudwa et al., 2013) , but there were no differences in body weight between the treated and untreated BACHD cohorts (Table 4) . Another possible reason for the differences between the lines could be due in part to the disparity in the degree of disease progression in the two models. For example, the control BACHD mice (6 mo old) were deficient on the rotarod test compared to WT controls, whereas the control Q175 (at 9 mo old) were not different from WT. The cause of the difference in the performance of these two HD models is not known.
Prior work has shown that the BACHD line exhibits reduced magnitude in the light-induced phase shift of the circadian system when exposed to light at CT 16 (Kudo et al., 2011) . Consistent with this finding is the lack of negative masking behavior in the BACHD as seen by continued activity even in the presence of strong light while the Q175 show very little activity during light exposure (Fig. 2C, D) . We addressed this issue by introducing 1 h of light exposure at a time when the mice were highly active (ZT 14). While we documented normal light-suppressing effects on activity in WT and Q175 mice, the BACHD mice failed to show significant activity reduction (Fig. 5) . It is possible that the reduced effect of blue-enriched light on BACHD could be due to reduced photic input to the circadian system. However, lightinduction of cFos was robust in all of the genotypes (Supplemental Fig. 2 ) so the light information appears to be reaching the SCN. Neural activity within the SCN is known to be compromised in the BACHD line (Kudo et al., 2011) and this pathophysiology may well underlie the reduced light response.
The observation that the benefits of blue light on both circadian rhythms and motor performance are stronger in the Q175 line provides some support for the contention that the stronger rhythms are responsible for the improved motor performance. Still we cannot exclude the possibility that the blue light treatment could be producing benefits on motor performance independent of the circadian system. At this point we do not know the mechanisms by which blue light treatment improves motor performance. A variety of studies have demonstrated that several distinct mouse models of HD all exhibit a progressive and rapid breakdown of the circadian rest/activity cycle that mimics the condition observed in human patients typified by loss of consolidated sleep, increased wakeful activity during the sleep phase, and more sleep during the active/waking phase (Morton et al., 2005; Bode et al., 2009; Kudo et al., 2011; Oakeshott et al., 2011; Loh et al., 2013) . There is now evidence that improving the sleep/wake cycle with sleep-inducing drugs (Pallier et al., 2007) , bright light and restricted wheel access (Cuesta et al., 2014) and blue light (Fig. 4) can treat HD symptoms. This body of work supports our general hypothesis that improved circadian rhythms will broadly improve disease symptoms in HD.
The alterations in striatal and cortical gene expression pathways suggest that blue-enriched lighting can result in selective neurobiological changes in the HD brain. While we cannot know if the blue enhanced lighting directly or indirectly altered gene expression, our findings provide a starting point to examine mechanisms known to be involved in the pathology of HD. For example, changes in dopamine receptor D1a (Drd1a) and dopamine receptor D2 (Drd2) suggest altered dopaminergic signaling, which modulates locomotor performance. Centrally, DA levels are modulated by monoamine oxidase A (MAO-A) and monoamine oxidase B (MAO-B), which are key enzymes that regulate the catabolism of several different monoamine neurotransmitters (Shih and Chen 2004) . Importantly, MAO-A appears to be a clock-controlled gene. A mutation in the circadian clock gene Period-2 in mice leads to reduced expression and activity of MAO-A in the mesolimbic dopaminergic system, which results in increased DA levels and changes in electrical activity in the striatum (Hampp et al., 2008) . The striatum also exhibits the rhythmic expression of clock genes (Cai et al., 2009) and there is some evidence that disrupted striatal clocks can alter motor function (Ruby et al., 2014) . Interestingly, methamphetamine treatment can even restore robust circadian activity in rats whose SCN had been electrolytically lesioned (Honma et al., 1987) demonstrating that dopaminergic drugs can modulate the circadian system even without a functional central circadian clock in the SCN. However, we have to consider that HD pathology alters the circadian response to methamphetamine, at least in the R6/2 model (Cuesta et al., 2012) . Taken together, it seems possible that the circadian regulation of DA plays a role in the improved motor function observed in the present study.
In addition to the likely impact on neurotransmitter systems, our data indicate that the blue light treatment changes the transcriptional environment in two brain regions intimately involved in HD i.e. the cortex and striatum. Our transcriptional analysis of selected HD markers indicates that blue light treatment might be beneficial by decreasing oxidative stress and thus delaying disease progression. Our data indicate that the blue-enhanced lighting upregulated glutamatecysteine ligase catalytic subunit (Gclc) in the striatum and cortex as well as superoxide dismutase 2 (Sod1) in the cortex of the Q175 mutants. GCLC plays a key role in glutathione (GSH) synthesis as the rate limiting enzyme (Lu 2013) . GSH functions to protect tissue from oxidative stress (Forman et al., 2009 ). In short, oxidative stress has been considered a pathophysiological mechanism associated with HD (Browne et al., 1999) , and the upregulation of the two key antioxidant enzymes suggest that blue light treatment may provide CNS protection through this mechanism.
Light is a strong environmental regulator of circadian timing and a number of studies have examined the impact of "bright light" (2000 to 10,000 lx) therapy on disease symptoms. In treating neurodegenerative disorders, prior studies have applied bright light therapy to patients with dementia and Parkinson's disease (PD). Broadly these studies show some benefits from the bright light treatments (Riemersma-van der Lek et al., 2008; McCurry et al., 2011; Zhou et al., 2012) . Another study has found evidence that light therapy has a positive influence on motor function in PD (Willis and Turner 2007) . Still it seems at this point, more studies are needed to confirm the effect of light therapy on patients with neurodegenerative diseases. One of the problems with Table 7 Expression of HD markers in the striatum and cortex of Q175 that are altered by blue light treatment. P value of the t-test comparison with Q175 housed under control LD conditions are shown. *indicates HD markers that are changed in both the striatum and cortex. Transcripts increased by the treatment (fold change > 1) are shown in red and those decreased by the treatment (fold change < 1) in blue. Full data set in Supplemental bright light therapy is that bright light itself may be aversive (Kogan and Guilford 1998) which complicates the interpretation of these studies as well as creating problems of compliance. The growth of our understanding of melanopsin (Rollag et al., 2003; Schmidt et al., 2011) coupled with the technological advances in LED lighting allows more targeted photic interventions. Like the rodent, the human circadian system is sensitive to blue wavelength light (Lockley et al., 2006; Gooley et al., 2010; Rüger et al., 2013) . For instance, when treating seasonal affective disorder, 750 lx of blue light has been shown to be equally effective as 10,000 lx standard light therapy (Gordijn et al., 2012) . Targeted light exposure shows promise in treating patients (Royer et al., 2012; Gabel et al., 2013; Figueiro et al., 2014) as well as caregivers (Sloane et al., 2015) . Highlighting the independence of the melanopsin pathway from visual circuitry, blue light treatment provides cognitive benefits to visually blind individuals (Vandewalle et al., 2013) . The treatment that we used in this study (6 h of blue light) is simple to implement but does come with interpretive complications. The light intensity as measured in lux was effectively doubled (375 to 885 lx). However, the maximal absorption of melanopsin is around 480 nm (Lucas et al., 2001 ) and our spectral analysis indicates that the irradiance at that wavelength increased from 0.3 to 14 µW/cm 2 (Sup. Fig. 1 ). So, our treatment dramatically increased the irradiance at the key wavelength for the circadian system. One of the limitations of the present study is that we could not completely exclude the effects of other dimensions of our blue light treatment. Another limitation is that we cannot rule out the possibility that the gene expression changes are due to the improved locomotor behavior, which may feedback to the central nervous system. While the issue of whether the benefits of bright light or blue light therapy on the patient populations works through the circadian system remains to be resolved, a number of studies are demonstrating a number of benefits to these photic treatments. More pre-clinical work is needed to optimize the treatment strategies as well as develop an understanding of the underlying mechanisms.
Conclusion
Sleep disorders are extremely common in HD and have major detrimental effects on daily functioning and the quality of life of patients and their caregivers (Cuturic et al., 2009; Aziz et al., 2010; Goodman et al., 2011) . Disruptions in the timing of sleep are common and often become apparent years before the onset of motor symptoms. Our study and others (Pallier et al., 2007; Cuesta et al., 2014) demonstrate that strengthening the circadian system can improve key HD symptoms in pre-clinical models.
